Modified thermal analyzer digital computer program (TAP) by Knittle, D. E.
CR- 7 2 9 16 
1 0 - 0 4 7 - 0 0 9  ( R E V .  6/63> DIVISION Power Systems 
T M  4942 :69-602 
DATE 10 November 1969 
w. 0. 1140-59-2221 
TECHNICAL M EM0 RANDUM 
AUTHOR(S): D. E. Knittle 
TITLE: Modified Thermal 'Analyzer Digital Computer Program (TAP) 
ABSTRACT 
The Thermal Analyzer digital computer program (TAP) solves n-dimensional 
transient or steady-state heat flow problems involving any of the three modes 
of heat transfer, by creating an electrical analogy of the thermal problem 
which is to be solved, and then solving the problem by the finite differences 
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1.0 SUMMARY 
The purpose of t h i s  report  i s  t o  describe the application and use of 
the TAP computer code to solve complex t rans ien t  or steady-state heat t ransfer  
problems. The report  contains a de ta i led  descr ipt ion of the code, as well  as, 
sample data format sheets and sample problems t o  assist the novice i n  i t s  use 
i n  solving heat t ransfer  problems. Some knowledge of heat t ransfer  i s  e s sen t i a l  
i f  one is  t o  properly u t i l i z e  the code, but i t  i s  not necessary f o r  one t o  be 
famil iar  with computer programing t o  make f u l l  use of the program's po ten t ia l .  
Computer codes of t h i s  type are  always i n  a s t a t e  of evolution and, therefore,  
one should expect a number of changes to be made i n  the program during the 
useful  l i f e  of t h i s  repor t .  A s  these changes a re  made and incorporated in to  
the basic  code, every attempt w i l l  be made t o  update the mater ia l  contained 
i n  t h i s  report .  
2.0 DTRODUCT~ON 
The Thermal Analyzer d i g i t a l  computer program solves n-dimensional 
t rans ien t  or steady-state  heat flow problems f o r  any of the three modes of 
heat t ransfer  by creat ing an e l e c t r i c a l  analogy of the  thermal problem which 
is t o  be solved and, then solving the problem using the f i n i t e  differences 
technique. Nearly a l l  heat t ransfer  problems a re  expressible i n  the form of 
such an e l e c t r i c a l  analogy where thermal res i s tance  and thermal capacitance 
represent the equivalent of e l e c t r i c a l  res is tance and capac i t axe .  The 
thermal network i s  s e t  up i n  the form of lumped parameters (ca l led  nodes) 
which represent the average values of the thermal propert ies  of the mass 
which has been lumped at  tha t  point .  
The program has been s e t  up so t h a t  it i s  problem ra ther  than computer 
oriented. This allows one to make changes i n  the boundary conditions and the 
problem without the necessity of reprogramming TAP or making extensive changes 
i n  the problem input data.  
The program has been so constructed tha t  the heat t ransfer  associated 
with s ing le  phase incompressible f l u i d  flow phenomena can i n  most cases be 
considered within reasonable accuracy. 
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Reactor heating can be considered by the program including r e a c t i v i t y  
feedback due t o  temperature changes and deadband control  of reac t iv i ty ,  as 
well  as, changes i n  r eac t iv i ty  due t o  r e f l ec to r  or control  rod movement. 
The program was  o r ig ina l ly  developed at Lockheed Missiles and Space 
Company of Sunnyvale, Cal i fornia ,  for solving miss i le  and space s a t e l l i t e  
heat t ransfer  problems, 
Systems Department i n  the Electronics Division of Aerojet-General Corporation, 
Azusa, California,  t o  consider decay heat removal and other heat t ransfer  
problems encountered i n  the SNAP-8 nuclear space power program. 
3.0 GENERAL DESCRIPTION OF THE TAP PROGRAM 
It has been extensively modified by the Power 
The Thermal Analyzer Program was not s e t  up t o  solve a spec i f ic  kind 
of heat t ransfer  problem. It i s  more of a general heat t ransfer  program 
which has been provided with a number of generalized options which allow 
it to consider a la rge  number of unrelated complex heat t ransfer  problems. 
The options avai lable  include the choice of a number of d i f fe ren t  kinds of 
nodes and thermal r e s i s t o r s ,  as wel l  as a se lec t ion  of spec ia l  functions 
which,perform various operations and the use of tab les  which can be used 
to describe the dependancy of any primary program parameter or any other 
primary program parameter. 
This sect ion has been wr i t ten  t o  give the reader some idea of the 
f l e x i b i l i t y  and appl icat ion of the TAP computer code ra ther  than t o  provide 
a de ta i led  out l ine  of the numerous options avai lable  which are,  instead, 
described elsewhere i n  t h i s  report  as indicated i n  the table  below. 
Item 
I. Nodes 
-
a. Posi t ive Capacitance W/No Mass Transfer 
Across the Node Control Volume 
b .  Posi t ive Capacitance W/Mass Transfer 
Across the Node Control Volume 
e. Posi t ive Capacitance Flow Junction 
d. Zero Capacitance 
e. Negative Carjacitance 
See Section 
4.0 
4 .1 .1  
4.1.2 
4.1.2.4 
4.2 
4.3 
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I t e m  
11. Thermal Resistors 
-
a. Conduction 
b . Forced Convect ion 
e. Natural Convection 
d. Radiation 
111. Functions 
a. 
b .  
C .  
d.  
e. 
f .  
€5. 
h. 
i. 
j. 
k. 
1. 
m. 
n. 
0. 
Cathode Follower W/No Time Delay 
Radiation Resistors 
Phase Transit ion 
Natural Convection Resistors 
Reactor Heating 
Aerodynamic Heating 
Arbitrary Functions 
Output Specifications 
Problem Constants 
Cathode Follower Fluid Flow W/Time Delay 
Flow June t ion 
Cathode Follower Fluid Flow Instantaneous 
Reactivity Feedback and Deadband Control 
Steady S ta t e  and Time Advancement Option 
Forced Convection Resistors 
See Section 
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5.0 
5.1 
5.2.2 
5.2.3 
5.3 
7.0 
7.1 
7.2 
7.3 
7.4 
7.5 
7.6 
7.7 
7.8 
7.9 
7.10 
7.11 
7.12 
7-13 
7.14 
7.15 
I V .  Tables 8.5 
Since the TAP computer code i s  very f l ex ib l e  i n  i ts  poten t ia l  
application t o  heat t ransfer  problems, the  user is  l e f t  with the obl i -  
gation t o  construct h i s  thermal network from amoung an i n f i n i t e  var ie ty  
of p o s s i b i l i t i e s .  
3.1 Types of Problems fo r  Which the Present TAP is  Not Suitable 
There a re  a number of heat t ransfer  and f l u i d  flow problems 
which cannot be reasonably considered by the present version of the TAP 
computer code. This i s  especial ly  t rue  i n  the case of f l u i d  flow because 
the f l u i d  flow models available i n  the present version of the program con- 
s ider  only the heat t ransfer  and transport  charac te r i s t ics  of the flowing 
f lu id  and does not embody the l a w s  governing f l u i d  flow. In  most cases, 
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these models a re  s u f f i c i e n t l y  accurate t o  t r e a t  the heat t ransfer  associated 
with flowing f lu ids  i n  a reasonable manner. However, the program has not been 
provided with mathematical models t o  consider the following f l u i d  flow 
phenomena. 
1. Compressible flow. 
2. Pressure drop calculat ions.  
3. The hydraulics of two-phase flow. 
4. The calculat ion of flow d i s t r ibu t ion  in to  p a r a l l e l  flow 
channels i f  the flow is  not d i s t r ibu ted  according t o  the cross sec t iona l  
areas of the flow channels. 
5. Any problems i n  which the f l u i d  flow models avai lable  a re  
not su f f i c i en t ly  accurate t o  describe the  physical model. 
The following heat t ransfer  models a re  not adequately provided 
for  i n  the present version of the TAP code e i t h e r .  
1. Boiling Heat Transfer requir ing more sophis t icat ion than 
provided f o r  by Function 3. 
2. Reactor Heat Problems which require a more accurate reactor  
heating mathematical model than provided i n  the code or where 6 3 9 k 
3.2 Solution Technaues -
I n  the TAP computer code, a thermal network is  s e t  up by the user  
whereby the mass of the problem sample i s  divided in to  d iscre te  lumps or 
nodes which a re  then connected together through thermal r e s i s t o r s .  The 
sample should be divided in to  enough nodes so tha t  a reasonable solut ion 
i s  possible.  I f ,  on the other hand, one divides the problem sample in to  
a great many more nodes than i s  necessary, then the setup and computer time 
would exceed the amount of time required t o  obtain a reasonable solution. 
One need only exercise reasonable caution t o  insure tha t  a reasonable thermal 
network is s e t  up t o  s a t i s f y  the tradeoff between accuracy and economy. 
In  order t o  insure tha t  the problem does not become unstable, 
the time in t e rva l  between calculat ions can be determined from the physical 
problem such tha t  the time index i s  not advanced beyond the point where 
the solut ion f o r  any node i n  the thermal ne tmrk  could become unstable. 
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TIE TAP code, for the first iteration in each time step, establishes 
a heat balance around each positive capacitance node using the temperatures cal- 
culated in the previou time step as the first estimate of the temperatures of 
the nodes on the other end of the thermal resistors from the node. At the end 
of the iteration the new temperature calculated for each node are transferred 
to the data block containing the old temperatures for the nodes. After the 
first iteration the new temperatures replace the node temperatures in the 
previous time step. In subsequent iterations in a time step they replace 
the previous estimates. The process is continued until the new and old 
temperatures for the nodes in the network agree within an established error 
criteria. 
Using this kind of discontinuous solution to describe a system 
which is continuous in both space and time does introduce some error into 
the results. However, in nearly all cases the error will be well within 
acceptable limits and will become negligible as the num3er of nodes repre- 
senting the network increase toward infinity and the size of the time step 
is reduced toward zero. 
The solution equations used in the TAP code are presented in 
Section 6 of this report. 
Geometry (The free selection thereof) 
The TAP program contains no built-in geometry. 
3.3 -yl_ 
The selection of 
nodes is completely arbitrary within reasonable physical limitations. One 
limitation is that too much computer time would be used if one were to connect 
two nodes of finite capacity by a very small thermal resistor. In this case 
one would expend considerable computer time to find that the temperatures of 
the two nodes were nearly the same. This must be a basic consideration when 
connecting up the thermal network. 
geometry into a thermal network in a logical and realistic manner. 
One should always try to divide the 
3.4 N-Dimensions 
There is no limit on the number of resistors which can be connected 
to a given node. This means that, in addition, to being able to handle one, 
two, or three dimensional heat transfer problems; additional resistors are 
available to drive heat into the node or to consider more than one mode of 
heat transfer in a given direction. 
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3.5 U n i t  Selection 
The TAP program i s  almost completely f r e e  i n  the use of any 
system of uni t s .  
must be changed i f  a temperature scale  other  than O F  i s  used. 
One exception i s  that the f ixed constant i n  equation 4-3 
However, once a system of u n i t s  i s  selected,  i t  must be used 
consis tant ly  throughout the data.  The dimensions required by the program 
are  : 
Symbol 
49 
L 
P i  
‘7- 
Dimension 
Time Unit 
Length Unit 
Heat Unit 
Temperature Unit 
3.6 Thermal Network Ident i f ica t ion  
The TAP program i s  not geometry dependent as explained i n  
Section 3.3. Neither is it  r e s t r i c t e d  i n  the s i z e  of the heat t ransfer  
problem which can be solved (other  than the l imi t ing  fac tor  of the com- 
puter storage which i s  ava i lab le) .  
I n  order tha t  the  se lec t ion  of the thermal network be completely 
a rb i t r a ry  i n  keeping with the program philosophy, i t  was  necessary t o  require  
that each node and thermal r e s i s t o r  be uniquely ident i f ied .  The numbering of 
the nodes and thermal r e s i s t o r s  i s  completely a r b i t r a r y  except tha t :  
1. Zero cannot be used as a node or r e s i s t o r  number. 
2. 
3. The I D  nwn5er cannot exceed the maximum allowable ID number 
Any given node or r e s i s t o r  num’oer can be used only once. 
given i n  the program dimension statements. 
3.7 Thermal Network Center 
The TAP prograz establ ishes  a heat balance around each node using 
the temperatures calculated i n  the previous time s tep  fo r  the temperatures of 
nodes a t  the  other end of the thermal r e s i s t o r s  connected t o  the  node. A l l  
var iable  primary program parameters a re  evaluated at the previous time. This 
type of solut ion does not es tab l i sh  any center f o r  the thermal network and, 
therefore, heat source, heat sinks,  adabatic walls, e t c .  can be placed anywhere 
i n  the thermal network desired.  
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3.8 Variation- i n  Parameters 
The program allows f o r  the a r b i t r a r y  var ia t ion  of any of the 
with any other primary program parameter or * primary program parameters 
time. 
3 . 9  Consideration of Heat Transfer Associated with Fluid Flow 
The program has been s e t  up so tha t  it can i n  most cases consider 
the heat t ransfer  phenomena associated with t rans ien t  or steady-state,  s ingle-  
phase, incompressible f l u i d  flow. The flowing f l u i d  mass is  passed from node 
t o  node i n  the flow stream roughly approximating the stream ve loc i t ies .  To 
make the treatment of f l u i d  flow.completely general, i n  keeping with the 
nature of the  program, it was necessary t o  make the following s implif icat ions 
i n  the treatment of f l u i d  flow. 
1. If the f l u i d  capacity of the node is  greater  than the mount 
of f l u i d  which would pass over the node control  volume i n  a given time s tep ,  
i t  is  su f f i c i en t ly  accurate t o  completely mix the incoming f l u i d  with tha t  
remaining i n  the node. 
2. I f  the f l u i d  capacity of any se r i e s  of nodes i n  a flow 
stream a re  considerably l e s s  than the amount of f l u i d  which would pass 
over the node control  volumes i n  a given time s tep,  i t  is su f f i c i en t ly  
accurate t o  s tep  the f l u i d  through such a s e r i e s  of nodes i n  one time s tep.  
The f l u i d  remains i n  the node for the time s t ep  and then i s  advanced t o  the 
next node i n  the s e r i e s  without changing the time s t ep  index. In  t h i s  way, 
the f l u i d  advances stepwise through the s e r i e s  i n  any given time s tep.  
3. If the f l u i d  capacity is  approximately equal t o  the amount 
of f l u i d  which would pass over the node control  volume i n  a given time s tep,  
it is  su f f i c i en t ly  accurate t o  s tep  the  f l u i d  one node per time s t ep  through 
the flow stream. I n  steady s t a t e  calculat ions t h i s  kind of assumption can 
be used t o  describe the e n t i r e  flow f i e l d  with reasonable accuracy. 
* The primary program parameters are,  the  value of any r e s i s t o r ,  the temper- 
a ture ,  capacitance, or i n t e rna l  heat generation r a t e  f o r  any node the average 
temperature or difference i n  temperature between any two nodes, the f l u i d  
capacity flow r a t e  for  any node, the time r a t e  of change i n  temperatures of 
any node, the net heat flow r a t e  over the  control volume of any node or the  
net heat flow r a t e  between any two nodes connected by a thermal r e s i s t o r .  
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By properly connecting the various kinds of f l u i d  flow nodes i n  a 
given flow stream, i t  should now be possible t o  represent with reasonable accu- 
racy the heat t ransfer  associated with most single-p5ase incompressible f l u i d  
flow f i e lds .  
3.10 Time Options (See Section 7.9) 
a. 
b .  
e. 
A problem can be s t a r t ed  and terminated a t  any a rb i t r a ry  time. 
The time s t ep  can be calculated by the program o r  given as input. 
The time s tep  and p r i n t  i n t e rva l  can be a r b i t r a r i l y  changed 
during the course of the problem t o  r e f l e c t  changes i n  boundary conditions and 
t o  increase o r  reduce the amount of data  output generated during the execution. 
3.11 (See Section 7.14) 
The program contains a steady state option which i f  used terminates 
execution of the problem once steady s t a t e  conditions have been achieved, within 
a s ta ted  accuracy, for a l l  nodes i n  the thermal network. In  addition, once 
steady state conditions have been achieved, the time advancement option i f  used 
allows the user t o  a r b i t r a r i l y  advance the time (delet ing a l l  intermediate 
calculations) to a predetermined t i m e  where t rans ien t  conditions again exist ,  
This procedure can be repeated up t o  m a x i m u m  number of times fo r  which da ta  
i s  provided. 
3.12 Time Saving i n  Data Input 
The TAP program has been provided with options and da ta  setup 
programs which can be used t o  grea t ly  reduce the  amount of time and e f fo r t  
which would, otherwise, be required t o  model complex heat t ransfer  problems. 
A 
3.12.1 Data Incrementing 
The data  incrementing options can be used i n  most of the 
data blocks t o  input data i f  the data meets the requirements fo r  such increment- 
ing. 
incrementing, i t  i s  possible to  replace a whole series of da ta  input cards 
with the first and last card of the da ta  ser ies .  
3.12.2 TAP Setup Program 
Data incrementing is  discussed i n  Secty-on 8.5 of t h i s  report .  Using data  
R. Belcher, of Aerojet-General Corporation, has developed 
two data setup program which can be used to  generate data  input i n  the form 
of a data l i s t i n g  and punched IBM cards for data  blocks 1-111. 
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Setup Program 
The f irst  of these programs calculates  thermal res is tances  and 
capaci t ies  f o r  2-dimensional cross sections and assigns node numbers and r e s i s t o r  
numbers t o  the network given the end points  of the control  volume of each node 
i n  the network. 
Stacking Program 
The second of these programs ca l led  the stacker program, 
generates the  setup program cross sections any number of times i n  the 
th i rd  dimension. 
follow sequent ia l ly  from those assigned i n  the setup program. It connects 
up the various similar sections with thermal r e s i s t o r s  i n  the t h i r d  dimension. 
The node numbers and r e s i s t o r  of the generated sections 
These programs have been s e t  up so t h a t  the punched card output 
of the setup program or the  stacking program ( i f  the problem is 3-dimensional) 
can be used d i r ec t ly  as da ta  input i n  data  blocks I through III i n  the TAP code. 
It w i l l ,  or course, s t i l l  be possible for the  user t o  modify 
or add t o  the r e s u l t s  of the setup or stacking program t o  account f o r  var ia t ions  
from symmetry, complex boundary conditions, e t c .  
No write-up has yet  been made on the setup or stacker  programs 
f o r  the TAP code. Therefore, any questions as t o  ava i l ab i l i t y ,  use of ,  e t c .  
of these programs should be directed t o  Mr.  Belcher or M r .  N .  Rumpf of the 
Computer U t i l i za t ion  Group of the Power Systems Department, Electronics 
Division, Aerojet-General Corporation, Azusa, California.  
4.0 THE NODE TYPES AND THEIR USE I N  THE THERMAL NETWORK 
The Thermal Analyzer Program contains a nuriber of d i f fe ren t  kinds of 
nodes, each of which has unique charac te r i s t ics .  The proper use of these 
nodes i n  a thermal network allows one t o  solve many kinds of complex heat 
t ransfer  problems. 
Following is  a discussion of the types of nodes which are  avai lable  
and the use which can be made of them. 
4.1 Posi t ive Capacitance Nodes 
Posi t ive capacitance nodes can be defined as those nodes which 
represent a f i n i t e  mass. They have a f i n i t e  pos i t ive  capacitance and t h e i r  
temperature changes during a given time s tep  as heat i s  added or taken away 
from the node. 
t ransfer  across t h e i r  control  volumes. The resistance-capacitance product 
i s  determined fo r  each pos i t ive  capacitance node i n  the thermal network. 
The pos i t ive  capacitance nodes may or may not have mass 
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4.1.1 Posi t ive Capacitance Nodes With No Mass Transfer 
Across the  Control Volume 
The pos i t ive  capacitance node with no mass t ransfer  across 
the control  volume is  used t o  represent the so l id  phase of matter or s ta t ionary  
f lu ids .  During a given time s t ep  the temperatures of such nodes a re  determined 
as follows: 
6 - T  e,i 0J 
79 z 
j = J  
4.1.2 
the control  volume 
or gaseous s t a t e .  
of the capacitance 
Posi t ive Capacitance Nodes with Mass Transfer Across 
the Control Volume 
The pos i t ive  capacitance node with mass t ransfer  across 
i s  used to represent flowing f luids  i n  e i the r  the  l i qu id  
Provision has been made i n  the program t o  allow a port ion 
of such nodes t o  represent non-flowing mass. The program 
can consider four kinds of these nodes. 
4.1.2.1 ~ y *  
If a flowing f l u i d  node is defined i n  Function 10 as one 
i n  which a l l  of the node mass is  t ransferred across the node control  volume i n  
a given time step,  the  temperature of the node i s  determined as follows: 
The thermal capacitance of such nodes is  determined as follows 
Where (WC ) i s  given i n  a table 
P 
(Eq 4.3) 
as a function of t i m e  
There i s  no provision made t o  allow a port ion of the  node mass t o  remain 
s ta t ionary" f o r  t h i s  kind of node. 
* Function 10 Type I 
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** 
4.1.2.2 Flowing Fluid Nodes With a Specified Time Delay 
If a flowing f l u i d  node i s  defined i n  Function 10 
with a specif ied time delay, the temperature of the node is  determined 
as one 
as follows: 
c cp- 
i s  determined as follows: 
5tae, i 
The capacitance of such nodes i s  given as a constant i n  the capacitance data  
block. The program allows one t o  represent a pportion of the node mass as non- 
flowing. 
flowing f l u i d  capacitance when there  i s  a very high coef f ic ien t  of heat t ransfer  
between them. 
cavi ty  (Cv) i s  p e c i f i e d  i n  Function 10. 
This allows one t o  associate  pipe w a l l  capacitance, e t c . ,  with the 
That port ion of the  node capacitance which represents the flow 
The time stepdbe Vmst be such tha t  
. This r e s t r i c t i o n  i s  provided so tha t  no more than 
c i t y  i n  a node c a n b e  t ransferred out of the node i n  a 
given t i m e  s tep.  
4.1.2.3 Flowing Fluid Nodes With N o  T i m e  Delay 
If a flowing f l u i d  node i s  defined in  Function 12, the 
f l u i d  i s  advanced from leading t o  following nodes i n  the se r i e s  u n t i l  the  s e r i e s  
i s  completed ( i . e . ,  when the following node i n  the flow se r i e s  i s  not defined i n  
Function 12) .  This allows one t o  determine a heat balance f o r  a flow sect ion 
where the f l u i d  is considered t o  advance from i n l e t  t o  e x i t  of the sect ion i n  
one time s t ep  regardless of the number of nodes representing the flow section. 
In  the program t h i s  i s  accomplished by f i rs t  t r ea t ing  the following nodes i n  
Function 12 as ordinary nodes, Once the  general solut ion has been completed 
f o r  a l l  nodes i n  the network the program resolves the  general solut ion equation 
%--x Function 10 Type I1 
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for the temperatures of the following nodes in a stepwise (rather than a 
timewise) solution. 
node mass in this function as non-flowing. 
The program allows one to represent a portion of the 
The temperature of a node defined as a following node 
6) 
where 
and 
As can be seen, the previous temperature (Te+ae,i Mix ) used in this solution 
represents the flowing portion of the leading node at the same time as well 
as the non-flowing capacitance of the node at the previous time. This, in 
--
effect, advances the fluid through an entire Function 12 flow series stepwise 
rather than timewise. 
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4.1.2.4 Junction of Flow Passages 
The program provides for the junction of two or more 
flow passages in Function 11. The solution for the temperature of the 
following node in Function 11 is as follows. 
where 
(Eq 4.10) 
5 , h  = 
4.1.2.5 S a a r y  of the Nodes Described in Section 4.1.2 
The ty-pe's of flowing fluid nodes available in the program 
and their use in describing flow passages are summarized in the Table below. 
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4.2 Zero Capacitance Nodes 
Zero capacitance nodes a re  nodes which represent no mass and 
consequently have no thermal capacitance. This type of node is  used to 
represent a point or a surface i n  a thermal network. They can a l so  be 
used t o  represent nodes which have only negl igible  m a s s  associated with 
them, so tha t  the resistance-capacitance product for such nodes does 
not approach zero. 
The solut ion equation’ fo r  zero capacitance nodes is  as follows. 
(Eq 4-11) 
The resistance-capacitance product i s  not determined fo r  zero capacitance 
nodes. 
4.3 Negative Capacitance Nodes 
The temperature of a negative capacitance node i s  heldteonstant 
during a given time s tep.  
heat sources or sinks and t o  c rea te  various kinds of f i c t i t i o u s  nodes t o  
perform spec i f ic  operations i n  the thermal network. 
Therefore, these nodes cal? be used t o  represent ’ 
Some examples of the l a t t e r  are:  
(1) Power Nodes 
(2) Boundary Nodes 
(3) Cathode Follower Nodes (Function 1) 
No heat balance i s  made for the  negative capacitance nodes and, therefore,  
the temperatures of negative capacitance nodes a re  independent of the heat 
t ransferred t o  or from these nodes. 
4.3.1 Power Nodes 
The TAP format allows one t o  c rea te  f i c t i c t i o u s  power nodes, 
w i t h  negative capacitance, t o  dr ive heat i n to  r e a l  nodes. I n  the ease of power 
nodes the value of the temperature of the  power node i s  r e a l l y  the heat r a t e  
in to  the r e a l  node t o  which it is  connected times the value of the power r e s i s t o r .  
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(Eq 4.12) 
Subst i tut ing in to  Equation 4.12 yields  
10 
The power r e s i s t o r  is assigned an a r b i t r a r i l y  high value (i.e.,  10 ) t o  
insure tha t  the temperature of the r e a l  node i s  negl igible  compared with 
tha t  of the  power node. 
Any number of power nodes can be connected t o  a given 
r e a l  node t o  describe any number of d i f f e ren t  power sources i n  any given 
node. 
4.3.2 Boundary Nodes 
Boundary nodes can be used t o  describe the boundaries of the 
problem. 
functions of time, or  functions of any of the primary program parameters. By 
using boundary nodes, one can i n  many cases reduce the  s i ze  of the problem t o  
be solved without loss  of accuracy. 
The temperature of the boundary nodes are controlled as constants, 
4.3.3 Cathode Follower Nodes (With no time delay) (Function I) 
The use of the cathode follower function I nodes allow one 
t o  simulate a symmetrical sect ion without providing a l l  of the thermal network 
which would be necessary i f  these nodes were not avai lable  i n  the program. 
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Figure 1 below repres 
symmetry. If one wished to set up a thermal 
network for it using only one rod to represent 
each ring of rods. The remaining rods 
in the ring of 
symmetry section could be 
connected as follower nodes 
in Function 1. 
done, the follower nodes 
could Figure 1 simulate 
the actual nodes without the necessity of describing an internal thermal 
network for them. 
s section of minimum 
the minimum 
If that were 
I 
For certain kinds of heat transfer problems, therefore, 
the cathode follower nodes, can be used to simplify the thermal network 
without significant loss of accuracy. 
5.0 THERMAL RESISTOR TYPES AND THEIR USE xR 
A number of different kinds of thermal resistors are available in the 
TAP program to account for the various heat flow phenomena. 
fictitious resistors can be created to perform various functions in the program, 
By definition, a thermal resistor describes the resistance to the flow of heat 
by any one of the three modes of heat transfer between any two node centers. 
The types of thermal resistors available in the TAP program are described below. 
In addition, 
5.1 Conduction Resistors -
The term conduction resistor defines the resistance to heat flow 
between any two given nodes by conduction. 
The eq-Aation for conduction resistance is as follows: 
In the program the value of R 1 ij is given as data input in the 
resistor data block. The above resistor R can be the sum of any number 1 ij 
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of resistors connected in series if the heat flow path cross section 
between the connected nodes is irregular. 
The variation in the value of 
conduction resistors can be 
considered in the program 
as a function of time or 
any of the primary program 
par meters (Res is t ance , I I 
Temperature, Capacitance, 
Heat Rate or Average Temperature), etc. 
5.2 Convection Resistors R 2- 
Convection resistors can be considered by the program as free or 
forced convection resistors cor laminar or turbulent -flow. 
either specified in the resistor data block or in the function data. 
Their values are 
.> 
5.2.1 Simple Convection Resistors -
As used here, the term simple convection resistor merely 
implies that the'value of the convection resistor [regardless of type) is 
known and can be specified in the data input. In this case the value of the 
convection resistor is given to the program in the resistor data block as 
follows : 
1 
2 i j  - w I  
R = -  
5.2.2 Forcedsonvection Resistors R 2a- 
The TAP program provides an option in function 1-5 to 
calculate forced convection resistors for turbulent flow where the Prandtl 
num3er of the fluid approaches 1. 
resistance in turbulent flow is as follows: 
The equation solved for forced convection 
- 
- -  
(Eq 5.3) 
& 
where \, C and p b = f(Tb) 
'b 
Pw = fowl 
G = f(0) 
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and 
CA i s  given i n  the data  as a constant. X and Y are  exponents on 
the Prandtl  and Reynolds numbers respect ively and are given as da ta  input. 
Z i s  the exponent on the  v iscos i ty  r a t i o  and is  given as data input. 
For the normal Colburn r e l a t ion  the  following input f o r  
turbulent flow can be used: 
Parameter 
C 
X 
Y 
Z 
-- Value 
0.023 
0.667 
0.2 
0.14 
Three tab les  a r e  required t o  describe the dependancy 
of the thermal propert ies  of each f l u i d  upon temperature and one tab le  
is  required to  describe the  var ia t ion  i n  flow r a t e  with time. 
This equation was derived from Equation 9-lOc, 
Reference 2, which i s  as follows: 
(Eq 9 - 1 0 ~  
Ref 2) 
5.2.3 Free Convection Resis tors  R 2b- 
The TAP program provides an option i n  function 4 t o  ca lcu la te  
f r e e  convection r e s i s t o r s  f o r  e i the r  laminar o r  turbulent flow. The equation 
solved for  f r e e  convection resis tance is  as follows: 
wlier e 
K = fl 
function of average temperature 
as given i n  Table 1 
G = f2(e)  function of time as given i n  Table 2 
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This eqilation is derived from Equations 7-4a and 7-5b Ref. 2, which 
are as follows: 
and C can be taken as follows: Mi j 
M - C - Flow Regime 
Turbulent Flow 0.13 0.3333 
Laminar Flow 0.59 0.25 
In Table 1 the values in the above equation are evaluated at some time 8 
as a function of average temperature. The value of K at the given average 
temperature is then multiplied by the value at the given time in Table 2. 
Thus Table 2 effectively is a nultiplier raising or lowering the value of 
K to account for variations in the parameters as a function of time. 
5.3 Radiation Resistors R 3- 
The TAP program is provided with an option in function 2 
to calculate radiation resistors. 
is as follows: 
The equation used for this purpose 
1 - 
+ c ) ~  + ( T ~  + C)2][Ti + c + T. + c] 
J 
3Ri j 
where 
K = aFA 
ij ij 
C = conversion constant for changing the temperature values 
to the corresponding absolute temperature scale (built 
into the program) 
C = 459.69 OR to OF 
C = 273.16 O K  to O C  
(Eq 7.4a % 
7.4b, Ref 2) 
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The values of T. and T. are 
1 J 
T. = T 
1 8,i 
in time step 8 + A8 
5.4 Power Resistors (as well as other fictitious resistors) 
Power resistors are fictitious resistors which are created for 
the sole purpose of driving heat from a fictitious power node into the center 
of a real node. 
an arbitrarily high value of resistance to insure that the temperature of the 
node receiving the heat is negligible compared with the heat rate time the 
value of the power resistor. 
They are given in the resistor data block. They are assigned 
Other fictitious resistors can be used, for example, to place an 
adabatic wall between two given nodes for some period of time. If the 
resistor is given as a function of time or one of the primary program para- 
meters, it can be raised and lowered as desired. 
5.5 Rules Governing the Use of Thermal Resistors 
Following are a number of rules which must be followed in connecting 
the nodes in the thermal network with the various kinds of thermal resistors. 
(1) A l l  resistors must be identified in the resistor data block 
as follows: 
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(a) An unique r e s i s t o r  i den t i f i ca t ion  number must be 
assigned t o  each separate heat flow path. 
I n  addition t o  the r e s i s t o r  I D  number, the nodes t o  
which the r e s i s t o r  i s  connected must be ident i f ied .  
A value other than zero must be assigned t o  each 
thermal r e s i s t o r  even if tha t  value i s  not used by 
the program. 
(b) 
( e )  
(2) The r e s i s t o r  i den t i f i ca t ion  numbers a r e  completely indepenent 
of the node iden t i f i ca t ion  numbers. 
( 3 )  Any number of thermal r e s i s t o r s  of any type can be connected 
t o  a given node. 
(4) If the r e s i s t o r  is a rad ia t ion  r e s i s t o r ,  function 2 i s  used 
t o  specify i t s  value. 
(5) I f  the r e s i s t o r  is  a f r e e  convection r e s i s t o r ,  function 4 
i s  used t o  specify i t s  value and if i t  i s  a forced convection r e s i s t o r  function 15 
i s  used t o  specify i t s  value. 
(6) I f  the r e s i s t o r  i s  varied w i t h  time o r  any of the primary 
program parameters, function 7 is  used t o  specify the var ia t ion.  
S t r i c t l y  speaking, the same flow path and mode of heat (7) 
t ransfer  should not be used by more than one thermal r e s i s t o r .  
(8) Each node i n  the thermal network must be connected t o  at 
l e a s t  one thermal r e s i s t o r ,  
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6.0 SOLUTION EQUATIONS 
This section deals with the general solution equations used in the 
Thermal Analyzer Program to determine the temperatures of the various kinds 
of nodes in the thermal network as well as, provides the equations used by 
some of the functions to perform special operations on the thermal network. 
6.1 The Solution Equation for the Temperature of a Positive Capacitance Node 
The general solution equation to determine the temperature of a 
positive capacitance node is as follows: 
7- €3+Ae, i"  ti: J=/ (Eq 6-1) 
6.1.1 The Solution Equation for the Temperature of a Positive 
Capacitance !lode in a Flow Passage Where Cv 'E%! (WCp) .a0 or * 2 1- 
Where a Steady State Solution is Required (i.e.,Type 1 Function 10) 
If the node is a Type 1 Function 10 flowing fluid node, 
Equation 6-1 is modified to give the following solution equation. 
6.1.2 The Solution Equation for the Temperature of a Positive 
Capacitance Node in a Flow Passage where C V ~ > ( W C P ) ~ ~  
(i. e., Type 2 Function 10) 
If the node is a Type 2 Function 10 flowing fluid node, 
3 i * See Section 7.16 for limitations on the use of this type of node. 
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6.1.3 The Solution Equation for the Temperature of a Positive 
Capacitance Node in a Flow Passage Where Cv.c<.[?Tbp) .A0 
(i.e., Function 12) * 
If the node is defined as a following node in Function 12, 
1 1- ~. 
Equation 6-1 is modified to give the following solution equation. 
____ 
c 
6.1.4 The Solution Equation for the Temperature of a Positive 
Capacitance Node Which Serves as the Junction of TWO Flow 
Passages (i.e., Function 11) * 
If the nodes is defined as a following node in Function 11, 
Equation 6-1 is modified to give the following solution equation. 
* See Section 7.16 for limitations on the use of this type of node. 
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6.2 The. Solution Equation f o r  the Temperature of a Zero Capacitance Node 
The general solut ion equation t o  determine the temperature of a zero 
capacitance node i s  as follows: 
t.1 pD 
6.3 The Solution Equation fo r  the Temperature of a Negative Capacitance Node -
a. For a negative capacitance node which is not the following node i n  
a cathode follower s e r i e s  
I f  T .  i s  given as a dependent var iable  i n  Function 7, then Te 
value spec i f ied  i n  the tab les  f o r  T 
would be the 
1 ,i 
ra the r  than the value of Ti from the i 
previous time s tep.  
b. I f  the  negative capacitance node i s  given as a following node 
i n  the cathode follower, Function l w h e r e  the temperature of node i follows the 
temperature of node j, then, 
6.4 The Calculated Time Step A e  
Used i n  t h i s  sense the term time s t ep  means tha t  time in t e rva l  which 
is used t o  advance the time i n  the  t rans ien t  so lu t ion  of the problem. 
The time s t ep  must be r e l a t ed  t o  the physical problem, such tha t ,  
A@ ( the  time s tep)  does not exceed the minimum thermal res i s tance  thermal 
capacitance product (RC) s m e d  around each pos i t ive  capacitance node. 
time s t ep  taken A0 does exceed the  (RC) 
unstable solut ions of Equation 6-1. 
Function 10 nodes, the time s tep  taken should not be great  enough so tha t  
If the 
for  the network, t h i s  w i l l  r e s u l t  i n  
min 
In  addition, i f  the problem includes Type 2 
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if the A 8  used were greater than (CV/WC~)~~~, it would mean that a node contained 
more fluid in a given time step than it is capable of holding and would result in 
a meaningless temperature being calculated for that node. 
The equations used to determine the calculated time step are as follows: 
First the RC product is determined for each positive capacitance node 
Lp B
(Eq 6-9) 
Then, the value of the time step is set equal to the smallest of the RC products 
times a multiplying factor which is assumed to be 1 if not otherwise specified 
see = (RC)~~~M.F. (Eq 6-10) 
If there are any Type 2 nodes listed as following nodes in Function 10, the A 0  
selected above is compared with ( C V / W C ~ ) ~ ~ ~ ,  from that function 
then A0 is reduced such that 
6.5 - Reactor Heating Equations 
The TAPprogram can consider reactor heating within the limitations 
specified below. 
6.5.1 Reactivity Calculations & 
The reactivity can be varied as a f’unction of the temperature 
of any three specified nodes, time and reflector or control rod position. An 
optional dead-band control is also provided to change relector or control rod 
position as the monitored temperature meets specified conditions as to magnitude and 
time outside the control limits. 
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The equation used to determine 
time step is as follows: 
reactivity during a given 
(Eq 6-11) 
The parameter 
on absolute reactivity. 
time or c m  be determined by the dead-band control. 
specifies the effects of control rod or reflector position 
C 
The value of&%c is either specified as a function of 
6.5.1.1 &k = f(0) If& is given in Function 5 as a 
C C 
variable, changes in reactivity are allowed as a f'unction of time. 
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6.5.1.2 Deadband Control of kc 
If deadband control of the control rods or reflector 
position is specified in Function 13, it is accomplished in the following manner. 
The deadband control instructions include 
1. Identification of the significant node n 
2.  Specification of the deadband temperature level 
3. Specification of the deadband temperature limit 
4. Specification of the out of range time limit 
5. Specification of the change in reactivity (expressed in 
absolute units) caused by the movement of one control rod or reflector position 
f 
I 
a 
A s  the temperature of the monitored node (N) passes through the upper or  
lower deadband limits (TDB + aTDB), the  value of $k i s  increased or decreased 
one Ak un i t  and the  deadband clock i s  s t a r t ed .  If the temperature of the 
monitored node (N) then remains outs ide the deadband temperature l i m i t s  f o r  eDB 
C 2 
C 
time un i t s  on the deadband clock, k- i s  again changed by one Ak_ un i t  and the 
deadband clock 
temperature of 
6.5.2 
c: c; 
i s  r e s e t  t o  zero time. This procedure continues u n t i l  the  
the monitored node remains within the deadband control  limits. 
REACTi Reactor Heating Q 
The reactor  heating equations used i n  the program t r e a t  the 
spec ia l  case of one average group of delay neutrons and where 4 -  P ~20. 
addition, the heat contribution due t o  b e t a  and gamma heating i s  considered to 
I n  K 
always represent no less than % of the t o t a l  reactor  heat generation. 
The reactor  heating equations i n  the program are  as follows: 
Neutron Heating 
".'] (Eq 6-12) 
I 
(Eq 6-14) 
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6.6 Aerodynamic Heating Equations 
I f  function 6 i s  used, the program computes the heat r a t e  in to  any 
specified node due t o  an aerodynamic boundary layer .  
The value of he 
methods is  specified.  
i n  equation 6-16 i s  determined by whichever of the following 
Y i  
6.6.1 The Ramo-Wooldridge Equations for  Aerodynamic Heating 
6.6.2 The Eckert Equation fo r  Aerodynamic - Heating 
(Eq 6-18) 
Pp i s  evaluated as follows i f  3 # 1 
,6' = K w d  -t 1 where d >o 
(Eq 6-194 
= K A  3. 1 where d<O 
(Eq 6-19b) 
Then 
K i s  placed i n  the space reserved f o r  X 
K 
Qd = -(dk-d~) fo r the top surface 
i n  Table 12 and 
W 1 
i s  placed i n  the space reserved f o r  X2 i n  Table 12. 
(Eq 6-20a) 
= ( d k - d ~ )  fo r  the bottom surface 
(Eq 6-2ob) 
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d k  i s  given as a function of time i n  Table 11 and d~ is  given 
as input data.  
The following dependencies are  described i n  the tab les  given 
H = f (6) i n  Table 3 (expressed i n  f e e t )  
= f (6) i n  Table 4 
loglo Nre/XMom = f (H) i n  Table 5 
= f (H) i n  Table 6 
loglo Npr = f ( T  ) i n  Table 7 
S = f ( M o o )  i n  Table 8 
= f ( M a )  i n  Table 9 
TL/TCW 
ML/Mcw = f ( M a )  i n  Table 10 
T '  L l r  = 0.5 (1.0 -k - T i  -k 459.6 3. 0.22N) 
L TL 
T = T  T a e  L 
TOO 
-L 
(Eq 6-21) 
(Eq 6-22) 
T (1.0 3. N )  i , 6  = .-.L T 
a re  input constants 
6.7 Thermal Resistor Solution Equations - -PI-- 
The equations used t o  determine the values of the thermal r e s i s t o r s  
for the  various modes of heat t ransfer  a re  presented i n  Section 5 of t h i s  report .  
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7.0 Functions (For Function Data Input See Section 8) 
The Thermal Analyzer Program i s  provided with a number of mandatory 
and optional functions. These functions increase the f l e x a b i l i t y  of the 
program, specify the  type of output desired, and specif'y the p r i n t  in te rva l  
e t c .  The functions avai lable  and t h e i r  use are  explained below. 
7.1 Function 1 Cathode Follower with no Time Delay 
This function s e t s  the temperature of the following node equal to  the 
temperature of the leading node with no time delay or T-i9+AB2i 
i s  s e t  equal t o  Te+~q-j 
where node i i s  specif ied a s  the following node and node j i s  specif ied as the 
leading node i n  function 1. 
7.2 Function 2 Radiation Resis tors  
This function converts a conduction r e s i s t o r  in to  a radiat ion r e s i s t o r  
i f  the r e s i s t o r  number i s  specif ied in  function 2. See equation 5.5 i n  Section 5. 
7.3 Function 3 Phase Transit ion 
This function holds the temperature of a specif ied node constant as i t  
passes through a change of phase. The t o t d  heat required t o  complete the phase 
t r ans i t i on  and the temperature a t  which i t  takes place are  given i n  the function 
data. 
7.4 Function 4 Free Convection Resis tors  
This function converts a conduction r e s i s t o r  i n to  a f r e e  convection 
r e s i s t o r  i f  the r e s i s t o r  number i s  specif ied i n  function 4. See equation 5-4 
i n  Section 5. 
7.5 Function 5 Reactor Heat- 
This function calculates  the heat generation r a t e  Qi i n  specif ied 
reactor  f u e l  nodes. See Section 6.5 for  a descr ipt ion of t h i s  function. 
Function 13 must a l so  be used i f  function 5 i s  used. 
-32- 
._ 
7.6 Function 6 Aerodynamic Heating 
This function calculates  the aerodynamic heat  r a t e s  $. f o r  specif ied 
1 
node. See Section 6.6 f o r  a descr ipt ion of t h i s  function. 
7.7 Function 7 Arbi t rary Functions 
This function allows one t o  vary m y  of the primary program parameters 
l i s t e d  below with time o r  any other primary program parameter. The primary 
program parameters a re  
Primary Program 
Par m e t e r  
Value of any Resistor 
Temperature of any Node 
Capacitance of any Node 
Heat Rate f o r  any Node 
Fluid Capacitance Flow 
Rate 
Average Temperature of any 
2 Nodes 
Temperature Difference 
Between any 2 Nodes 
Class of Parameter 
The dependance i s  specif ied i n  function 7 and the var ia t ion  given i n  
tabular  form i n  the tab le  specif ied i n  function 7. The program performs l i n e a r  
interpolat ions between the data  points  i n  the tables .  
7.8 Function 8 Output Specif icat ions 
This function spec i f ies  the quantity and type of output which i s  
A f i v e  column wide f i e l d  i s  pr inted out.  desired. 
of the data i s  possible by requesting the pr in t ing  of f i c t i t i o u s  da ta  a t  points  
which would separate the r e a l  output data in to  a p i c t o r i a l  array.  
P i c t o r i a l  representation 
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7.9 Function 9 Problem Constants 
The purpose of function 9 i s  t o  specify ce r t a in  problem constants such 
as  i n i t i a l  time, time step,  p r i n t  in te rva l ,  cut off time e tc .  The nature of the 
problem constants and t h e i r  applications are  given i n  Section 8 of t h i s  report .  
7.10 Function 10 Flowing Fluid Cathode Follower Nodes 
The purpose of function 10 i s  t o  ident i fy  those nodes which are  
flowing f l u i d  cathode follower nodes of a given type. 
flowing f l u i d  cathode follower nodes a re  specif ied i n  function 10. 
Two types of function 10 
They are  
Type I which satis‘fy the condition & / w c p m ”  1 
Type I1 which s a t i s r y  the condition c y / W c p m > l  
I f  a zero appears i n  f i e l d  4 ( i .e .  s t a r t i n g  i n  Col. 23) the node i s  
taken as a type I, and solut ion equation 6-2 applies.  However, if a value 
greater  than zero i s  given, then solut ion equation 6-3 applies.  
In  a steady-state analysis type I function 10 nodes should be used t o  
describe the e n t i r e  f l u i d  flow f i e l d  except a t  the junction of flow streams where 
a function 11 node would be used f o r  e i the r  a stea&y-state or t rans ien t  solution. 
For a t rans ien t  solut ion the  nodes representing flow streams should be selected 
on the following basis: 
1. If the node f l u i d  capacity exceeds the amount of f l u i d  which 
would pass over the node control  volume i n  a given time s t ep  a type I1 function 10 
node should be s e t  up. cv/Wcp&l 3 1 
2. If the node f l u i d  capacity approximately equals the amount of 
f l u i d  which would pass over the node control  volume i n  a given time s tep  a type I 
function 10 node should be used. cv/wcp& - 1 
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3. If the node f l u i d  capacity i s  much l e s s  than the  amount of 
f l u i d  which would pass over the node control  volume i n  a given time s tep  then a 
function 12  node should be used. cv/wcpA@ 1 
There i s  no provision i n  function 10 t o  allow any port ion of the mass 
of a type 1 node to remain s ta t ionary.  
However, i n  the type I1 nodes the so l id  pa r t  of the node i s  allowed 
to remain stationary.  
If the function 10 node i s  evacuated of f l u id  at the start of the  
problem 
specified and the node start capacitance should be given i n  the input as a 
time (e )  when the node cavi ty  becomes f i l l e d  with f l u i d  should be f 
negative value. When Kef the node w i l l  be t rea ted  as a negative capacitance 
node. When 8>8f - the  node w i l l  be connected in to  the  cathode follower se r i e s  
with the leading node as specif ied and t rea ted  as a pos i t ive  capacitance node with 
m a s s  t ransfer  across the node control  volume. If no 8f is specif ied the program 
w i l l  connect the node in to  the cathode follower s e r i e s  i n  the f i rs t  i t e r a t ion .  
See Sections 4.1.2.1 and 4.1.2.2 f o r  a descr ipt ion of function 10 
nodes . 
7.11 Function 11 Flow Junction Nodes 
The purpose of function 11 i s  to specify the  nodes which represent 
1 
the junction of t w o  o r  more f l o w  stre i 
I n  the f igure  above node i would be specif ied as a following node i n  
function 11. For a function 11 node, solut ion equation 6-5 applies.  
There i s  no provision i n  function 11 to allow any port ion of the  mass 
of a junction node to remain s ta t ionary.  In  other words a l l  of the  mass con- 
tained within the control  volume of a function 11 junction node i s  pushed down- 
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stream over the node control volume after each time step. 
See Section 4.1.2.4 for a description of function 11 nodes. 
7.12 Function 12 Instataneous Fluid Flow Cathode Follower Nodes 
The purpose of function 12 is to identify those nodes in a fluid 
flow stream which satisfy the condition. 
Cv/WCp08 -=si+ 1 
For a function 12 node, solution equation 6-4 applies. 
means that the temperatures for a given series of function 12 nodes is calculated 
stepwise rather than timewise as with the other types of nodes. 
step the solution advances through the series using the output of the previous 
This type of solution 
In a given time 
step as the input to the next without having advanced the'time index. 
words, the program will step through each series of function 12 nodes in each 
In other 
time step. 
See Section 4.1.2.3 for a description of function 12 nodes. 
7.13 Function T3' Reacb;'ivity Feedbecrk ark3 beadband' Control 
The data provided in function 13 is always used in conjunction with 
function 5 (the reactor heating function) and provides the means for specifying 
the reactivity feedback data input and the information required by the deadband 
control device if it is used. 
7.14 Function 14 Steady-state and Time Advancement Option 
The purpose of function 14 is to determine the time when the thermal 
network approaches steady-state within a specified error criteria 
time advancement option in function 14 is not used then the program will exit from 
the computer, specify that steaay-state conditions have been reached and print out 
the steafiy-state temperatures for the nodes specified. If the time advancement 
option is used the problem will be advanced to the specified time and continue 
the calculations until either steafiy-state is reached again or the problem cut off 
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time is exceeded. More than one time advancement can be called and the program 
will continue the procedure until the problem has reached steady-state after the 
last time advancement or the problem cut off time is exceeded. 
7.15 Forced Convection Resistors 
The function converts a conduction resistor into a forced convection 
resistor if the resistor number is specified in function 15. 
See equation 5.5 in Section 5. 
7.16 Limitations on the Use of Fluid Flow Nodes 
A function 10 Type I, function 11 or function 12 fluid flow node cannot 
be used under the following, set of circumstances: 
1. 
2. 
If time is determined from the (RC) rnin 
That function 10 Type I, function 11 or function 12 node 
produces the (RC) rnin 
The time step A$ resulting from the (RC) min is less than one. 3. 
If these conditions are present the program will exit from the computer 
and print out an appropriate error message. 
placed on these types of nodes is that under the conditions described about the 
The reason why this limitation is 
time step & would result from = 7qnei. 
If (RC) rnin times the multiplying factor in function 9 results in a A e < I  then 
ne would be the product of a series of nmbers less than one and would rapidly 
approach zero. 
The problem can be corrected by setting the time step A@ in the program 
<(RC) rnin (it would have to be less than (RC) rnin for the entire transient) or by 
changing the fluid network. 
-37- 
8.0 Data Input Format 
Following i s  a descr ipt ion of the da t a  input format fo r  the present 
version of the Thermal Analyzer Program. 
T i t l e  Card 
On the f irst  data  card the word TITLE should be placed i n  columns 1 - 5. 
I f  no new s t a r t  temperature and capacitor da ta  block i s  t o  be generated from 
the last  calculat ion from t h i s  run then column 6 should be l e f t  blank. I f  such 
output i n  the form of punched cards i s  desired a 1 should be placed i n  column 6. 
Columns 7 - 72 of the t i t l e  card c a n b e  used t o  iden t i fy  or describe the problem 
as desired. 
The program contains f i v e  data  blocks whose names and order of appearance 
i n  the data  a re  specified below. 
Data Block No. 
I 
Combined 
I11 
I V  
v 
Descr i n t ion  
Resistance Specifications 
I n i t i a l  Temperature Specifications (Given i n  
Data F ie ld  R1) 
Capacitance Specifications (Given i n  
Data F ie ld  R2) 
Function Specifications 
Tables 
The order i n  which the data  i s  placed i n  each data  block i s  opt ional  (with the 
exception of some of the function data  noted below). However, the data  blocks 
- must appear i n  the order specif ied above. 
The da ta  f i e l d s  used by the program are  as follows: 
F ie ld  I1 Fie ld  I 2  F ie ld  I 3  F ie ld  R1 Fie ld  R2 
cois .  1-5 cois. 6-10 cois.  11-15 cois.  16-30 Cols. 31-45 
Integers* Integers* Integers* Real Numbers Real Numbers 
* The l a s t  d i g i t  of the integer  must appear i n  the last  column of the f i e l d  
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I n  f i e l d s  R1 and R2 a f loa t ing  point power of 10 format or a modified power of 
10 format may be used. 
I f  a f loa t ing  point format or power of 10 format i s  used a decimal point 
must appear i n  the f i e l d .  
I f  a modified power of 10 format i s  used a decimal point need not appear 
i n  the f ie ld .because the decimal point i s  assumed t o  appear before the f i e l d  
s t a r t s .  
I f  a modified power of 10 forma6 i s  used the s ign of the exponent appears 
The exponents appear i n  i n  column 28 f o r  f i e l d  R1 and column 43 f o r  f i e l d  R2. 
columns 29 and 30 f o r  f i e l d  R1 and columns 44 and 45 f o r  f i e l d  R2. 
assumed t o  ex i s t  by the program and should not appear i n  the data.  
The E i s  
The modified power of 10 format fo r  data  f i e l d s  R1 and R2 fo r  a l l  da ta  
blocks i s  as follows: 
. _____g.I 
The above three forms of the nuniber -1.713 x can a l l  be input i n  f i e l d s  
R1 and R2. 
allowing the user b d r  p o f f  the decimal point and E s ince they are assumed by the 
program. 
The f i r s t  form i s  a modified version of the fo r t r an  power of 10 format 
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8.1 Resistance Specifications (Data Block I) 
In  the res i s tance  specif icat ions data  block a l l  thermal r e s i s t o r s ,  
regardless of type, a re  given an unique iden t i f i ca t ion  number and the nodes 
t o  which they are  connected are  ident i f ied .  I n  addition, a value of thermal 
res i s tance  i s  assigned t o  each r e s i s t o r  regardless of type. 
I n  the case of conduction and simple convections r e s i s to r s ,  not 
specif ied i n  function 7, the value assigned i s  r ea l ,  but  f o r  convection and 
rad ia t ion  r e s i s t o r s  or those varied i n  function 7 the value i s  f i c t i t i o u s  and 
i s  only used t o  complete the data. 
r e s i s t o r s  the w a l l  nodes should be specif ied i n  data  f i e l d  I 2  and the f l u i d  
In  specifying function 15 forced convections 
nodes i n  data f i e l d  13. For a l l  other types of r e s i s t o r s  these two data f i e l d s  
a re  interchangeable. 
The following ru l e s  apply t o  se lec t ing  r e s i s t o r s :  
(1) Any r e s i s t o r  nmiber between 1 and the maximum allowed may 
be used, but  a r e s i s t o r  number may appear only once i n  the r e s i s t o r  data block. 
( 2 )  A given node may be connected t o  any number of r e s i s to r s .  
( 3 )  The r e s i s t o r  i den t i f i ca t ion  system i s  completely separate 
from the node numbering system. 
(4) The value of any r e s i s t o r  may be varied with time or any 
of the primary program parameters. 
The data input f o r  data  block I would appear as follows: 
8.2 I n i t i a l  Temperature Specifications (Data Block 11) 
Every node i n  the thermal network - must be assigned an i n i t i a l  
temperature. I n  the case of power nodes the temperature specif ied i s  r e a l l y  
a heat r a t e  mult ipl ied by the  value of the power r e s i s to r .  The temperature 
of any negative capacitance node may be varied as a function of time o r  any 
of the primary program parameters by using function 7. 
The data  input format f o r  data  block I1 i s  as follows: 
b L %  r - S  
-7- 
" Y L  p,,,- 332 LX.3. 
f..CT '@>.*gJ 
% 
8.3 Capacitance Specifications (Data Block 111) 
Every node i n  the thermal network must be assigned a capacitance. 
The capacitance can be posi t ive,  zero o r  negative depending upon the type of 
node being represented. In  the case of type 1 function 10, function 11 and 
function 1 2  nodes the capacitance given i n  t h i s  data  block i s  not used by the 
program. 
The term capacitance describes the heat storage capabi l i ty  of the 
mass associated with the node. 
The data  input format f o r  data  block I11 i s  as follows: 
x- 
- T4.9T/ /QL 7ZHR 
OK- dOOK vz. 
{%SECT s\;z, 
The capacitance of any node (other than function 10, 11, or  12 nodes 
which enter  the tab les  independent of function 7) may be varied as a function 
of time o r  any primary program parameter by using function 7. 
8.4 Function Specifications (Data Block I V )  
The present version of the TAP program contains 15 functions (see 
Section 7) of which only function 9 i s  mandatory. 
output specif icat ions must a l so  be used i f  the user wishes any of the  r e s u l t s  
t o  be pr inted out. 
The i d e n t i t i e s  of these options are  as follows: 
Function I D  No. Name 
However, function 8 the 
1 Cathode Follower with no time delay. 
2 Radiation Resistance Specifications.  
3 Phase Transit ion Specifications.  
4 Natural Convection Resistance Specifications.  
5 Reactor Heating Specifications.  
6 Aerodynamic Heating Specifications.  
7 Arbi t rary Functions Specif ?cations. 
8 Output Specifications.  
9* Problem Constants. 
10 
11 Flow Junction Nodes. 
1 2  Instantaneous Fluid Flow Cathode Follower Nodes. 
13 
14 
15 Forced Convection Resistance Specifications.  
Flowing Fluid Cathode Follower Nodes. 
React ivi ty  Feedback and Deadband Control. 
Steady-state and Time Advancement Option. 
The function number must appear i n  the f i rs t  da ta  f i e l d  on the first data  card 
i n  the function. 
alone on the f i rs t  data  card. 
In  functions 7 and 10-12 the function numbers should appear 
A descr ipt ion of the da ta  input fo r  the  various functions follows. 
* Mandatory 
8.4.1 Cathode Follower with no T i m e  Delay (Function 1) 
The cathode follower with no time delay s e t s  the temperature 
of the following node equal t o  t h a t  of the  leading node a t  the end of each 
time step. 
8.4.2 Radiation Resistance (Function 2) 
In  function 2 the rad ia t ion  r e s i s t o r  I D  number i s  specif ied 
along with the value of K. 
8.4.3 Phase Transit ion (Function 3) 
I n  function 3 the temperature of the specified node i s  held 
constant as it passes through a change of phase. Data must be provided f o r  
two phase t r ans i t i on  conditions, but  i f  it i s  possible fo r  the node t o  pass 
through only one phase given the t rans ien t  environment the second s e t  of data  
given may be f i c t i t i o u s  i f  the temperature specif ied f o r  one of t he  phase 
t rans i t ions  i s  outside the  temperature range f o r  the node. 
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Data Input f o r  Function 3 
8.4.4 Free Convection Resistors (Function 4) 
In function 4 the free convection resistor ID number is 
specified along with the values of A and M in equation 5-3. 
8.4.5 Reactor Heating (Function 5) 1 
In function 5 the data required, for the reactor heating 
equations 6-12 and 6-13 are provided. 
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Data Input for Function 5 
8.4.6 Aerodynamic Heating (Function 6) 
This function provides the data needed to compute the heat 
rate due to an aerodynamic boundary layer input to any specified node. 
Data Input for Function 6 
&w gb -q d Cb8-g h.Ttb-‘H 2, 
* 7”&-.,.---“ -‘l“““-.---..-.~‘““’” t-s G%% &f4 c$r C&E. Et-a 5 
7-  
t 
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The aerodynamic heating function requires  the use of the following tables:  
3-6 - I f  the Ramo-Woldrich Method is  used 
3-10 - I f  the Eckert Method i s  used 
11 & 12 - If 
with the following information given i n  the tables .  
Table 
NO. 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Dependancy 
Described 
H =  f altitude in feet 
Moo= ?(e) 
Too’ f (H) 
I 0 9 I o(N ’ p r K) = f (Tl) 
S =  f(M,) 
T L / T ~  = f (MOO) 
ML/M, = f(b) 
= f (e) 
‘a= f@) 
Aerodynamic Heating 
Method Considered 
R-W & Eckert 
R-W & Eckert 
R-W & Eckert 
R-W & Eckert 
Ecker t 
Eckert 
Eckert 
Eckert 
,@ # 1 Both Methods 
$1 Both Methods 
Tabular Data Input f o r  Function 6 
COL 5 COL i o  C O ~ .  15 COL 22 COL 23 COL 37 C O ~ .  ..38 COL 46 
_I
X f X & Y Description 
Table ID No. on 
F i r s t  Card of 
Table Only 
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8.4.7 Arbi t rary Functions (Function 7) 
The purpose of function 7 i s  t o  ident i fy  the var ia t ion  of any 
of the primary program parameters with any other primary program parameter or 
time. The primary program parameters a re  given below: 
Class of 
Par m e t e r  Primary Program Parameter 
0 Time (Independent Variable Only) 
1 Valve of any Resistor 
2 Temperature of any Node 
3 Capacitance of any Node 
4 In t e rna l  Heat Generation Rate fo r  any Node 
5 Fluid Capacity Flow Rate (W cp) 
6 Average Temperature of any 2 Nodes 
7 Difference i n  Temperature Between any 2 Nodes 
8 Time Rate of Change i n  the Temperature of any Node 
9 Net Heat Flow over the Node Control Volume 
The Data Input for  Function 7 
-. 
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Data Input fo r  the Tables Used with Function 7 
2%. C:-& -.* L% **- ?3 =I**. Ci-2 I *dr<* u 
x 
I 
I f  t ab les  a re  used i n  conjunction with functions 4, 6, 10, 11, 12, or 15 
they w i l l  not be avai lable  f o r  use with function 7. 
8.4.8 Output Specifications (Function 8) 
In  function 8 the data  output required i s  specified.  The 
temperature, capacitance, o r  heat r a t e  f o r  any node or the  value of any r e s i s t o r  
mzy be specified.  
Class of Output Parameter t o  be Printed Out Symbol 
1 
2 
3 
4 
8 *  
9 *  
~ - 
Value of any Resistor R 
Temperature of any Node T 
Capacitance of any Node C 
In t e rna l  Heat Rate f o r  any Node Q 
Time Rate of Change TG 
Net Heat Flow Over the Node 
Control Volume 
H 
* To be added t o  the program at  a l a t e r  date.  
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Problem 
Constant 
Nunib er 
1. 
2. 
3. 
Description 
Time interval for printing thermal network 
parameter time history (input in the time 
units used in the problem) may be allowed 
to vary with time. 
A 0  in consistant units with the problem time 
dimension units. 
time. 
A multiplying factor applied to the program 
computed (RC)min product for determining A 9  
such that A B  = (RC)min(Calc) where M.F .<1. 
Do not use if problem constant 2 is specified 
May be allowed to vary with 
tatus 
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Problem 
Constant 
Number 
4. 
5. 
6. 
7. 
8. 
9. 
10 * 
Description 
Problem cutoff time (i. e. the time when 
calculat ions a re  completed). 
consistant with t h a t  used i n  the  problem 
should be used. 
The value of A i n  equation of the aero- 
dynamic heating routines.  
The value of b i n  equation of the aero- 
dynamic heating routines.  
The value of e i n  equation of the aero- 
dynamic heating routines.  
The value of 5 i n  equation of the aero- 
dynamic heating routines.  
I n i t i a l  time f o r  the problem. If not 
entered the program w i l l  start a t  time 
zero. It should be specif ied i n  a time 
un i t  consistant with the one used i n  the 
program. 
The maximum computer execution time ( in  
minutes of machine time), allowed fo r  the 
program t o  have completed one data  pr intout .  
I f  the computer runs longer than the time 
specified,  between the completion of data  
input and the f i r s t  pr intout  of r e su l t s ,  the 
computer w i l l  terminate the problem. 
A time u n i t  
. 
- 
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, t atus  
M 
0 
0 
0 
0 
0 
M 
Description 
( A @ )  min allowed. 
becomes smaller than t h i s  value the pro- 
blem w i l l  be terminated. 
If the A0 computed 
8.4.10 Flowing Fluid Cathode Follower Nodes (Function 10) 
This function iden t i f i e s  the nodes which a re  t n e  1 and type 2 
flowing f l u i d  cathode follower nodes and spec i f ies  the  tab le  which describes 
the var ia t ion  i n  flow r a t e  with time. 
* The same tab les  a re  available t o  functions 11 and 12  also. 
only one t ab le  i s  needed t o  describe each flow stream. 
I n  other words, 
8.4.11Flow Junction Nodes (Function 11) 
This function identifies the nodes which are flow junction nodes. 
Data Input fo r  Function 11 
-7z -.=- 3f--1\5 -- 
De:*-32 I pT s a+..:\ 
A- -A& 
8.4.12 Instantaneous Fluid Flow Cathode Follower Nodes (Function 12) 
This function identifies the nodes for which a stepwise heat 
transfer calculation is made during each time step. 
NOTE: The order in which the following nodes in the data determines the order in 
which the stepwise calculation occurs. Therefore, the furthest upstream Function 12 
node in the series should appear first and in succeeding order to the last of that 
series. The order in which the various series appear is optional. 
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8.4.13 React ivi ty  Feedback and Deadband Control (Function 13) 
This function i s  used i n  conjunction with Function 5 and i s  
used t o  specify the r e a c t i v i t y  temperature feedback and provide the reactor  
de adb and cont ro l le r  inf  ormat ion. 
Data Input f o r  Function 13 
\ 
8.4.14 Steady State and Time Advancement (Function 14) 
This function specifies when the thermal network approaches 
steady-state conditions within a specified limit. It also can be used to advance 
8.4.15 Forced Convection (Function 15) 
This function is used to calculate the values of the forced 
convection resistors. 
Data Input for Function 15 
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8.5 Tables (Data Block V) 
The tab les  describe the dependancy ( i n  tabular  form) of the dependent 
var iables  on the independent var iable .  The tab les  perform l inea r  interpolat ion 
between da ta  points .  Extrapolation of the da ta  i n  the  tables  i s  not allowed and 
whenever the  argument of an independent var iable  i s  exceeded the job w i l l  be 
terminated. 
Tables which are  used fo r  other functions a re  not then avai lable  fo r  
use with Function 7. They are: 
Function 4 
Function 5 use any t ab le  
Function 6 
use tables  1 and 2 inclusively 
use tab les  3 - 12 as required 
Function 7 use any tab le  not used by another function 
Function 10, 11, 12 use any tab le  not used by another function 
Function 15 use any tab le  required 
If the tab les  a re  used i n  conjunction with functions 4, 6, 10, 11, 12, and 15, 
f i e l d s  2 and 3 are  l e f t  blank. 
.. 
If the dependancy i s  periodic the tab le  would be input as follows. 
- _ _  I_ ...-. 
8.6 Incrementing of Data Input 
An optional da ta  incrementing technique has been made avai lable  i n  
the TAP code which permits the user t o  g rea t ly  reduce the volume of data  input 
required f o r  the program, if the data  can meet ce r t a in  conditions. 
menting i s  avai lable  f o r  the  r e s i s t o r  data  block (da ta  block I),  the S t a r t  
Temperature-Capacitor data  block (combined da ta  blocks I1 and 111) and f o r  a 
number of the functions, namely functions 1, 2, 4, 5, 7, 8, 10, and 12. 
Data incre- 
8.6.1 Resistor Data Block 
Incrementing can be used i n  the r e s i s t o r  data  block i n  any 
instance where the iden t i f i ca t ion  numbers of the r e s i s t o r  and the connecting 
nodes e i t h e r  increase by increments of one o r  remain the same through a s e r i e s  
of r e s i s t o r s  and the  values of the r e s i s t o r s  remain the same. 
8.6.2 S t a r t  Temperature - Capacitor Data Blocks 
Incrementing can be used i n  the S t a r t  Temperature-Capacitor 
data  block i n  any instance where the node I.D. numbers increase through a se r i e s  
of nodes i n  increments of one and the values of the start temperatures and capa- 
c i t o r s  remain the same throughout the ser ies .  
8.6.3 Function Data Block 
Incrementing can be used i n  the various functions i f :  
8.6.3.1 Function 1 - Cathode Follower 
The leading and following nodes progress through the 
se r i e s  of nodes with t h e i r  ident i f ica t ion  nunibers increasing by increments 
of 1 through the ser ies .  
8.6.3.2 Function 2 - Radiation Resis tors  
The rad ia t ion  r e s i s t o r  progress through a se r i e s  of 
r e s i s to r s  with the I.D. numbers increasing by increments of 1 through the  
ser ies  and values of K remain the  same. 
8.6.3.3 Function 4 - Free Convection Resistors 
The free convection r e s i s t o r s  progress through a 
ser ies  of r e s i s t o r s  with the I .D .  numbers increasing by increments of one 
through the  se r i e s  and the values of M and A remain the same. 
8.6.3.4 Function 5 - Reactor Heating 
The node I.D. nunibers of nodes i n  which reactor  
heating occurs increase i n  increments of one while the  multiplying fac tors  on 
the power remain the same. 
8.6.3.5 Function 7 - Arbitrary Functions 
The I .D.  numbers of the dependent and independent 
var iables  increases through the se r i e s  i n  increments of one (unless the inde- 
pendent var iable  i s  time i n  which case the independent var iable  I.D. number 
remains zero) and the t ab le  I .D.  numbers and multiplying fac tors  remain the  
same. 
8.6.3.6 Function 8 - Output Specifications 
The c l a s s  of output var iables  remains the same and 
the I.D. Number of the output var iables  increase i n  increments of one. 
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8.6.3.7 Function 10 - Cathode Follower Flowing Fluid Nodes 
The tab le  I.D. numbers and C 's remain constant and v 
the I .D.  numbers of the leading and following nodes increase i n  increments of 
one. 
8.6.3.8 Function 12  - Instantaneous Fluid Flow Cathode 
Follower Nodes 
The tab le  I.D. numbers and C 's remain constant and 
the I.D. numbers of the leading and following nodes increase i n  increments of 
s 
one. 
Since one can save up t o  9% of the time required t o  generate the input data  f o r  
the TAP program by f u l l y  using the data  incrementing option, it is  i n  the users  
i n t e r e s t  f o r  him t o  become familiar with the u t i l i z a t i o n  of t h i s  option. A com- 
p l e t e  descr ipt ion of the implementation of t h i s  option i s  given f o r  each type of 
data  on the data format sheets following. 
8.7 End of Data Flags 
The Thermal Analyzer program uses -1 cards, with the minus sign 
appearing i n  column 4 and the one appearing i n  column 5, t o  s igna l  the end of 
each type of data. 
Data Blocks I - I11 
A -1 card must appear a t  the end of each of the f i r s t  three da ta  blocks 
(resis tance,  i n i t i a l  temperature, and capacitance) t o  s igna l  the end of each of 
these data  blocks. 
Data Block I V  
A -1 card - must appear a t  the end of each function used i n  the function 
data  block t o  s igna l  the end of t ha t  function. 
f o r  functions not used i n  the problem.) 
(No input of any kind i s  given 
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A second -1 card must appear a t  the end of the l a s t  function ( a f t e r  
the -1 card signaling the end of the function) t o  s igna l  the end of the function 
data. 
A t h i rd  -1 card should be placed behind the second -1 card a t  the end 
of the function data  block i f  and only i f  no tab les  a re  used i n  the problem. 
Data Block V 
A -1 card must appear at the end of each t ab le  to s igna l  the end -
of each table .  
A second -1 card must appear behind the f i r s t  -1 card a t  the end -
of the l a s t  t ab l e  t o  s igna l  the end of a l l  data. 
8.8 Tap Data Input Order 
- I  
8.9 T a p  Parameter D i m e n s i o n s  (as of A p r i l  1, 1969) 
I t e m  D i m e n s i o n e d  V a r i a b l e s  N w n b e r  A l l o w e d  
TAP 1 TAP ? TAP 7 
Pr in t  P r i n t  = 3 x nodes + resis tors  
N o d e s  T, C,  TR, R I ,  RC, Q, TDEZ 
R e s i s t o r s  R,  I2V, I 3 V  
Functions 
1 
2 
3 
4 
5 
6 
7 
8 
9. 
KC 
KR, EKR 
I P H ,  P H T l ,  PHH1, PHT2, PHH2 
ICON, EXCON, ACON 
THETA, POWEAC, NODEQ,, Q BETA 
12AER, ALLOC, AER, IAER 
I A F 2 ,  IAF3, IAF4, FIAF5 
I P R 1 ,  I P R 2 ,  PRONT 
co 
P r i n t  Interval PRTLME 
T i m e  Step TYM 
N o d e s  C FLUID,  LTABLE, TI\TEN, NEN, KLEAD 
T a b l e s  K TABLE, CFMIN, WCP 
10 
11 NUNODE, INNODE 
12 
N o d e s  LLEAD, LLTABL, LNEW, CSOLID, TEMP 
T a b l e s  KKTABL , WCP 
13 (1 se t )  
14  ADTIME 
15 
T a b l e s  
No. of T a b l e s  
I t e m s  per T a b l e  
450 
100 
150 
10 
50 
10 
25 
30 
10 
100 
100 
30 
5 
5 
50 
10 
10 
50 
10 
20 
30 
50 
3099 
700 
999 
50 
250 
50 
100 
100 
50 
250 
700 
30 
5 
5 
250 
10 
50 
200 
10 
20 
30 
50 
8.10 Computer U t i l i za t ion  
The TAP d i g i t a l  computer code i s  writen i n  fo r t r an  I V  language. 
Since the IBM 360/65 d i g i t a l  computer a t  Aerojet-General, Azusa, is  s e t  up 
f o r  m u l t i  programming, the  program has been s e t  up i n  three versions, 100 nodes, 
300 nodes, and TOO nodes, t o  conserve core space within the  machine and thus 
reduce computer costs.  
I B M  360/65 computer core needed f o r  each version of the  TAP code. 
The following t ab le  indicates  tha t  port ion of the  
The user can save considerable computer time costs  by using the 
smallest version of the TAP code which w i l l  handle h i s  problem. 
dimensions (as of July 1, 1969) f o r  each version of t he  program a re  s e t  f o r t h  
i n  sect ion 8.9. 
The parameter 
Table 8-1 
Item 
Core storage available i n  
the IBM 360/65 computer 
Core storage u t i l i z e d  i n  
t h i s  version of the TAP code 
Core storage available f o r  
expansion of t h i s  version 
of the TAP code 
Version of the TAP Code 
100 Nodes 
400 K 
80 K 
320 K 
300 Nodes 
400 K 
108 K 
292 K 
TOO Nodes 
400 K 
144 K 
256 K 
3 NOTE: K denotes 10 bytes  
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a 
-53- 
- 54- 
i 
*-- 
I ,  
-55- 
I . 
5 
-66- 
I.- 
.* 
i' 
.... . .. 
-67- 
i 
.... . .  .  
'. .. . .d 
, i 
'..... 
i. . 
. ... 
: > ,: '.,..,.. 
Q ... '' 
,;. ..,i 
.... . . 
t: !. 
.. . 
L . . ... . 
. .  
I .. ,.- ._.... 
-68- 
”: 
, 
s 
-69- 
-70- 
-71- 
:,.% .. y\ . .  . .  .. . 
’ 3  
fx 
w 
z 
pt 
? 
I 
I 
i 
J 
a 
-73- 
a 
-74- 
-75- 
. -76- 
-77- 
-78- 
a m c
-79- 
I 
-. 
.- +--- 
"I 
. .. . 
k 
- 
i 
' A  L 
-80- 
9. Nomenclature 
Symbol 
A 
A 
a 
AF 
b 
C 
C 
C 
S 
V 
C 
c2 
3 
C 
CF 
CP 
D 
Dh 
F(  ) 
Description Units 
Area normal t o  the d i rec t ion  
of heat flow 
L2 
Surface area L2 
Exponent i n  R8ymo-Wooldrich dimensionless 
equation f o r  aerorlynamic heating 
Arbitrary functions dimensionless 
Exponent i n  Raymo-Wooldrich dimensionless 
equation f o r  aerodynamic heating 
Constant dimensionless 
Temperature scale  conversion constant T 
Total  capacity 
Non flowing port ion of the capaci- 
tance of a node which has mass 
t ransfer  across the control  volume H/ 
T 
Flowing port ion of the capacitance 
of a node which has mass t ransfer  H/T 
across the control  volume 
Reactivity feedback reference T 
temperature 1 
React ivi ty  feedback reference T 
temperature 2 
Reactivity feedback reference T 
temperature 3 
Cathode follower -- 
Specific heat  a t  constant pressure H/MT 
Diameter L 
Hydraulic diameter L 
dimensionless Black body radiant  energy 
exchange f ac to r  
-81- 
Description Units Symbol 
Gray body radiant energy 
exchange factor 
dimens ionless 
Variables which are a f’unction *.-. - 
of time 
G 
Unit flow rate G 
gravitational const ant 
Proportionality constant gC 
h Film coefficient 
Altitude 
k2T 
H feet 
K Radiation constant 
- Variables which are a function 
of average temperature 
K 
Thermal conductivity H 
BLT 
- k 
L L 
L 
Distance between node centers 
Neutron mean free path length 1’ 
Exponent dimensionless M 
Mach number dimensionless M 
M Mass M 
Mass M m 
M.F. 
N 
Multiplying factor dimensionless 
Variable in Raymo-Wooldrich 
aerodynamic heating equations 
N( 1 
nu 
NPr 
N 
Nre 
P.C. 
Dimensionless constant or number 
Nus s el t numb er dimensionless 
Prandtl number dimensionless 
Reynolds number dimens ionles s 
Problem constant - 
-82- 
Syllabol 
P.F. 
Q 
Qi 
QO 
Qne t 
Qreact 
R 
RC 
T 
t 
T~~ 
T1 
T2 
T3 
v 
W 
X 
Y 
z 
Description 
Power factor 
Heat rate 
Internal heat rate in node i 
Initial internal heat rate 
Net heat flow rate across 
the node control volume 
Reactor heat rate 
Thermal resistance 
Internal thermal resistance 
Resistance capacitance product 
Temperature 
Temperature 
Deadband temperature level 
Reactivity feedback temperature 
Reactivity feedback temperature 
Reactivity feedback temperature 
Volume 
Mass flow rate 
Capacitance flow rate 
Exponent 
Exponent 
Exponent 
Units 
dimensionless 
T 
T 
T 
2 T  
3 T  
H 
BT 
dimens ionless 
dimensionless 
dimensionless 
Greek Symbols 
Symbol 
.h3( 
Description Units 
Local subtended angle of surface 
i n  aerodynamic layer  
Coefficient i n  aerodynamic heating dimensionless 
equations 
Bet a heating - 
l / T  Coefficient of volumetric expansion 
Gamma heating - 
React i v i t y  
React ivi ty  due t o  control  rod or  
ref l ec to r  
A 
A0 
A 
Difference between convergence cri teria 
Time s tep  
React ivi ty  change due t o  one r e f l ec to r  
or  control  rod posi t ion change 
Deadband control  temperature range T 
&-.- f3-1 
Reactivity feedback coeff ic ient  1 
React ivi ty  feedback coef f ic ien t  2 
,--  A3 React ivi ty  feedback coef f ic ien t  3 
Eday d i f fus iv i ty  E 
Emissivity 
Time 
d h e n  s ionle  s s 
0 
0 Time when the node cavi ty  becomes 
f i l l e d  with f l u i d  
‘^ h ^ - 
. _”_ 4 
. Y 
Decay constant 
Dynamic v iscos i ty  
Kinematic v iscos i ty  
S.ymbol Des cr ipt ion 
Dens it y 
Steffan Boltzman constant 
sum of 
Units 
WL3 
.., 
< 
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Post sub sc r ip t s  
Symbol 
ave 
b 
cond 
conv 
f 
h 
i 
i -1 
i +1 
i j  
1 
m 
mix 
min 
n 
n 
r 
rad 
S 
v 
W 
Description 
aver age 
bulk 
conduction 
convection 
f i lm 
junction of flow passages 
node i 
node i -1 upstream of node i 
node i +l downstream of node i 
between node i and node j 
node j 
node k 
flow passage 1 
flow passage m 
m i x  temperature 
minimum 
flow passage n 
neutron heating 
r e  cover y 
rad ia t ion  
non flowing component of node capacitance 
flowing component of node capacitance 
w a l l  
-86- 
Greek Pos tsub scr  i p t s  
Symbol 
e+Ae 
Description 
be t  a heating 
gamma heating 
difference 
at time 8 
a t  time 8+Ae 
i n f i n i t y  
-87- 
Presubscripts for Ip- 
Sgmibol for X Description 
1 Conduction 
2 Simple convect ion 
2a Forced convection 
2b Natural convection 
Radiation 3 
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10.1 Sample Problem 1 
Description 
Frob lem Description 
Drawing of Heat Exchanger 
Nodal Schematic 
Thermal Network 
Variation of Parameters 
Thermal Network Calculations 
Summary of Thermal Network 
Problem Data Input Sheets 
Computer Output 
Plot ted Results 
Figure 
10.1 
10.2 
10.2 
10.3 
10.4 
10.5 
10.6 
10.7 
10.8 
Page 
Sample problemNo. 1 cons is t s  of a thermal analysis of the tube-in- 
s h e l l  heat exchanger (shown i n  Figure 10.1) which i s  operating i n  a vacuum. 
heat exchanger has a cold s ide bypass which i s  used t o  cool some e l e c t r i c a l  
equipment t h a t  r e j e c t s  heat t o  the bypass f l u i d  as given i n  Figure 10.3. 
i s  the cold s ide f l u i d  and l i qu id  e u t e t i e  sodium potassium (NaK) i s  used as the 
hot s ide f lu id .  The o i l  flows through the heat exchanger tubes at the constant 
r a t e  of 10,000 lbm/hr while a constant f l o w  r a t e  of 1,000 lbm/hr of o i l  flows 
through the heat exchanger bypass l i n e .  
heat loss. The s h e l l  of the heat exchanger i s  i n i t i a l l y  evacuated. NaK i s  
The 
O i l  
The heat exchanger i s  insulated against  
introduced in to  the heat exchanger s h e l l  a t  the start of the t rans ien t ,  i n i t i a l l y  
a t  the  r a t e  of 200 lbm/hr which then r i s e s  l i n e a i l y  t o  2,000 lbm/hr i n  the f i r s t  
100 seconds as shown i n  Figure 10.3. The NaK i s  introduced in to  the heat 
exchanger a t  a constant temperature of 1000 F. 0 The o i l  i s  i n i t i a l l y  introduced in to  
.-89- 
the heat exchanger and bypass a t  a temperature of 50°F. The following assumptions 
were made i n  the analysis.  
1. The N ~ K  f i lm  coef f ic ien t  > 
2. The o i l  f i lm  coe f f i c i en t  was f i n i t e  and assumed 
3. The heat exchanger effectiveness (UA) was assumed as follows : 
Sect ion 
1 
2 
3 
4 
2.64 x 
2.69 x 
2.78 x 
2.78 x lo-* 
5 2.69 x lom2 
4. The gr id  p l a t e  f i lm coef f ic ien ts  were assumed as were the 
coeff ic ients  i n  the i n l e t  and ou t l e t  plenums of the heat exchanger. 
5. Radiation t o  the surroundings was taken in to  account. It was 
assumed t h a t  the surroundings consisted of a hard space vacuum i n f i n i t e  black 
body sink a t  50'3'. 
Note: This problem was prepared as a sample problem f o r  t h i s  report  
and, therefore,  the assumptions made f o r  the various parameters a re  not necessar i ly  
r e a l i s t i c  or  consistant with good heat exchanger design. 
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O i l  - NaK Heat Exchanger 
SECTION 
Figure 10.1 
Nodal Schematic and Thermal Network 
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